Background and Purpose-Programmed cell death (pcd) plays a critical role in the development of the nervous system, as well as in its response to insult. Both anti-pcd and pro-pcd modulators play prominent roles in development and disease, including ischemic cerebrovascular disease. The purpose of this article is therefore to review the basics of programmed cell death. Methods-There have been over 100 000 scientific and clinical publications on the topic of programmed cell death and its most well known form, apoptosis. The principles emerging from these studies are reviewed here. Results-Programmed cell death is a form of cell death in which the cell plays an active role in its own demise. Apoptosis is the most well-defined form of pcd, but recent studies have begun to characterize an alternative program, autophagic cell death. In addition, there appear to be programmatic cell deaths that do not fit the criteria for either apoptosis or autophagic cell death, arguing that additional programs may also be available to cells. 
Programmed cell death (pcd) plays a critical role in neural development, and dysregulation of cell death programs features in developmental, neoplastic, neurodegenerative, infectious, traumatic, ischemic, metabolic, and demyelinating disorders of the nervous system. It has been 100 years since the first description of developmental neuronal cell death, 1 and over 50 years since the demonstration that such physiological cell death is inhibited by soluble factors such as nerve growth factor. 2 In 1964, Lockshin and colleagues introduced the term programmed cell death to describe an apparently endogenous pathway or set of pathways used by cells to commit suicide during insect development. 3 In 1966, it was shown that this process requires protein synthesis, 2 arguing that it is the result of an active cellular suicide process. Then in 1972, Kerr, Wyllie and Currie coined the term apoptosis to describe a morphologically relatively uniform set of cell deaths that occurs in many different paradigms, from development to insult response to cell turnover. 4 Apoptosis has been studied extensively, with well over 100 000 papers published on the subject (www.pubmed.gov). Although pcd has often been equated with apoptosis, it has become increasingly clear that nonapoptotic forms of pcd also exist [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] : for example, certain developmental cell deaths, such as "autophagic" cell death 3, 5, [12] [13] [14] and "cytoplasmic" cell death, 5,6,9 -11,14 do not resemble apoptosis. Furthermore, neurodegenerative diseases such as Huntington disease and amyotrophic lateral sclerosis display neuronal cell death that does not fulfill the criteria for apoptosis 7, 16 (this is not to say that some classic apoptosis does not occur in these diseases, as well). Ischemia-induced cell death may also display a nonapoptotic morphology, referred to as "oncosis." 8 How many different mammalian cell death programs can be distinguished, and what is their relationship? A number of classifications have been proposed based on morphology, but for the purposes of mechanistic insight and therapeutic intervention, it would be preferable to construct a mechanistic taxonomy of all cell death programs, with special attention to their specific inhibitors and activators. The data required for such a construct are currently far from complete, and thus the present classification will undoubtedly be revised repeatedly over time. Nonetheless, it is informative to consider, based on currently available data, how many programs of cell death can be classified mechanistically ( Figure 1 ).
Cell death has been divided into 2 broad categories: pcd, in which the cell plays an active role; and passive (necrotic) cell death. It is important to note that a semantic issue has arisen with the demonstration that some forms of nonapoptotic cell death previously labeled necrotic, and thus assumed to be passive, have turned out to be programmatic; therefore, some have referred to these as "necrosis-like", 17 whereas others prefer the term "programmed necrosis." 18, 19 Based on the traditional view that some term should be reserved for passive (ie, nonprogrammatic) cell death, and that necrosis is the term historically applied to this form of cell death, the term "programmed necrosis" is an oxymoron. However, based on another feature of necrosis-breach of the plasma membrane with resulting initiation of an inflammatory response by leaked cellular contents-"programmed necrosis" is indeed an appropriate term. This phenomenon notwithstanding, reserving the term "necrosis" for nonprogrammatic pcd suggests that such programmatic cell deaths with necrotic morphology and other characteristics should be referred to as "necrosis-like." As biochemical data accumulate for each form of pcd, it should become clear which paradigms induce necrosis-like pcd and which lead to passive, nonprogrammatic (necrotic) cell death.
Classic developmental studies revealed 3 different morphologies of cell death: type I (nuclear or apoptotic); type II (autophagic); and type III (cytoplasmic). 5 These occur reproducibly within specific nuclei and at specific times of nervous system development. However, these physiological cell death pathways may also be activated by various insults, such as ischemia or anoxia.
Apoptosis
Apoptosis (Greek, "falling away"), also referred to as nuclear or type I pcd, is the best characterized type of pcd ( Figure 2 ). Cells round up, form blebs, their chromatin condenses, nuclei fragment, and cellular portions ("apoptotic bodies") bud off. Phosphatidylserine, which is normally asymmetric in the plasma membrane (facing internally), is exposed externally during apoptosis, providing a signal for phagocytosis. 20 These morphological and histochemical changes are largely the result of the activation of caspases, a set of cell-suicide cysteine proteases. 21, 22 The activation of apoptosis is effected via 2 general pathways: the intrinsic pathway, originating from mitochondrial release of cytochrome c and associated activation of caspase-9; and the extrinsic pathway, originating from the activation of cell surface death receptors (eg, Fas), and resulting in the activation of caspase-8 or -10. 23 A third general pathway (essentially a second intrinsic pathway) is activated by endoplasmic reticulum stress attributable to unfolded or misfolded proteins, such as may occur with ischemia. 24 -29 In addition, other organelles, such as the nucleus and Golgi apparatus, also display damage sensors that link to apoptotic pathways. 30 Many different pathways, both physiological and pathological, converge on the intrinsic pathway of apoptosis. Whether by transcriptional regulation (eg, via p53) or posttranscriptional regulation, this results in a shift in the balance of a set of related proteins of the Bcl-2 family. These are major determinants of the apostat-the propensity of the cell to undergo apoptosis. Triggers of the intrinsic pathway shift the apostat toward the pro-apoptotic members, which are of 3 types: (i) the multidomain members (BH1-3: proteins that display Bcl-2 homology domains 1 to 3) such as Bax and Bak are capable of permeabilizing mitochondrial outer membranes 31, 32 ; (ii) the BH3 only activators such as Bim and tBid (a product of Bid resulting from cleavage by caspases, calpains, or other proteases, and providing communication between the extrinsic and intrinsic systems 33 ) activate Bax and Bak, and may participate in their pore formation; and (iii) the BH3 only derepressors such as Puma, Noxa, and Bad sequester the anti-apoptotic block thrown up by Bcl-2, Bcl-x L , and related anti-apoptotic proteins that display BH1-4 domains, freeing the BH1-3 and activators to permeabilize the mitochondrial outer membrane, thus allowing the release of multiple intermembrane proteins, including cytochrome c, Smac/DIABLO, Omi/HtrA2, AIF, and endonuclease G. An anti-apoptotic modulator peptide, humanin, may also affect this balance, by binding and inhibiting Bax, Bid, and BimEL. 34 -36 Conversely, the Bax effect may be enhanced by non-Bcl-2 family member modulators such as p53-thus, p53 exhibits both transcriptional and nontranscriptional proapoptotic effects, and p53 inhibitors such as pifithrin alpha show promise as potential therapeutic agents for ischemic insults. 37, 38 Another pro-apoptotic mechanism is exhibited by Nur77/TR3, which binds Bcl-2, exposing its pro-apoptotic BH3 domain, resulting in a pro-apoptotic effect. 39 As noted above, the anti-apoptotic members of the Bcl-2 family proteins, such as Bcl-2 and Bcl-x L , display BH1-4 domains. These anti-apoptotic proteins interact with the pro-apoptotic members and prevent the mitochondrial outer membrane permeability (MOMP) that would otherwise be created by the pro-apoptotic members; thus the anti-apoptotic members prevent the mitochondrial release of cytochrome c and other pro-apoptotic mitochondrial proteins. 40 The net effect of the interplay of these Bcl-2 family and functionally related proteins is to set, along with other critical determinants, the apostat. Another form of apostat modulation is the inhibition of caspases by iap (inhibitor of apoptosis) proteins such as Xiap (see below), and reversal of this inhibition by Smac/DIABLO and Omi/HtrA2. A candidate that has received increasing attention recently is the fission and fusion of mitochondria. [41] [42] [43] This may be of special relevance to pcd in neurodegeneration, since mutations in the mitochondrial fusion mediator Opa1 are associated with optic atrophy. 44 Fission is mediated by Drp1 and Fis1, and inhibition of these proteins blocks apoptosis induction by staurosporine. 43 Pro-apoptotic proteins may be recruited to mitochondria by Drp1, and mitochondrial remodeling may enhance the release of cytochrome c and other mitochondrial proteins. Ongoing work should disclose the roles of mitochondrial fission and fusion in pcd.
After release from the mitochondria, cytochrome c interacts with a cytosolic protein, Apaf-1, via the WD-40 repeats of Apaf-1, resulting in the exposure of a (d)ATP-binding site on Apaf-1, which, when occupied, leads to a conformational change resulting in heptamerization of Apaf-1. The resulting exposure of the Apaf-1 CARD (caspase activation and recruitment domain) recruits caspase-9 into this apoptosomal complex, and the resulting induced proximity of caspase-9 molecules leads to their activation. 45 Activation of the apical caspase-9 leads to a cascade of caspase activation, including the effector caspases such as caspase-3 and caspase-7. However, the active caspases-3, -7, and -9 may be inhibited by the iap (inhibitor of apoptosis) proteins, such as Xiap, 46 which may function as both direct inhibitors of caspase activity (in the case of caspase-9, by inhibiting dimerization) and as ubiquitin E3 ligases that mediate caspase degradation. 47 Xiap and other iap proteins (eg, ciap-1 and ciap-2) display three BIR (Baculovirus iap repeat) domains, BIR-1, -2, and -3, which interact with caspases as noted above, but may also interact with other proteins. 48 The iap-mediated caspase block may be released by additional mitochondrial proteins that, themselves, interact with iaps-Smac/DIABLO 49, 50 and Omi/ HtrA2 51,52 ( Figure 2) .
In contrast to the intrinsic pathway, which features caspase-9 as its apical caspase, the extrinsic pathway features caspase-8 or caspase-10. In the best characterized example, Fas (probably trimerized before ligand binding 53, 54 ) is bound by trimeric Fas ligand, resulting in the recruitment of FADD (Fas-associated death domain protein) through its death domain, and then caspase-8 through FADD's death effector domain (DED). 55 The induced proximity of the apical caspase again leads to activation, as is the case for caspase-9, and subsequent activation of effector caspases such as caspase-3 and caspase-7. In addition, FLIP(L) (FLICE-like inhibitory protein, long form), which may function as an inhibitor of extrinsic pathway activation, may also act as a caspase-8 activator by being a higher affinity dimeric partner of caspase-8 than caspase-8 itself, resulting in activation by heterodimerization in preference to homodimerization. 56 Both the intrinsic and extrinsic pathways of apoptosis thus converge on the activation of effector caspases. Caspases are cysteine aspartyl-specific proteases that cleave with high specificity at a small subset of aspartic acid residues in proteins. Their substrates (which total somewhere between a few hundred and one thousand) contribute to the apoptotic phenotype via proteolytic cascade activation, structural alterations, repair inactivation, internucleosomal DNA cleavage, phagocytic uptake signaling, mitochondrial permeabilization, and other effects. Caspases are synthesized as zymogens, but differ markedly in their activation. The apical caspases (caspase-8, -9, and -10) exist in the cytosol as monomers until dimerization is effected by adaptor molecules such as heptameric Apaf-1 (as part of the apoptosome) or trimeric FADD.
Contrary to earlier belief, cleavage of apical caspases has turned out to be neither required nor sufficient for activation. 57 Their zymogenicity, which is the ratio of activity of the active form to that of the zymogen, is relatively low-from 10 (caspase-9) to 100 (caspase-8) 57 -and thus the (monomeric) zymogens themselves are relatively active. These caspases display large prodomains that are used in the protein-protein interactions that mediate activation-CARD (caspase activation and recruitment domain) in caspase-9, and DED (death effector domain) in caspase-8 and -10. The substrates of the apical caspases typically display I/L/V-E-X-D in the P4-P1 positions, with preference for small or aromatic residues in the P1Ј position. 57 Effector caspases such as caspase-3 and -7 are activated by the apical caspases. In contrast to the apical caspases, the effector caspases exist as cytosolic dimers, display high zymogenicity (Ͼ10 000 for caspase-3) and short prodomains, and are activated by cleavage rather than induced proximity. Cleavage produces a heterotetramer with two large subunits of 17 to 20 kilodaltons and two small subunits of 10 to 12 kilodaltons. Because of a difference in the S 4 pocket structure of these caspases (in comparison to the apical caspases), their substrate preference is D-E-X-D, with a significant preference for Asp over Glu in the P 4 position. 57 Other caspases do not fit neatly within these two groups: caspase-2 has a long prodomain like an initiator caspase but has a substrate preference similar to effector caspases (with the exception that, unlike other caspases, it has a P5 preference [for small hydrophobic residues]); caspase-6 has a short prodomain like an effector caspase but has a substrate preference similar to apical caspases; the inflammatory caspases (-1, -4, -5) are involved in the processing of interleukin-1␤ and interleukin-18. The inflammatory caspases are thought not to play a role in pcd; however, inhibition in some paradigms such as cerebral ischemia has been associated with a reduction in infarct size. 58 Caspase-12 is anomalous: in mice, it appears to play a role in apoptosis induced by endoplasmic reticulum (ER) stress. 25, 27, 59 However, murine caspase-12 lacks Arg-341 (having a Lys instead), which in other caspases underlies the Asp specificity in the P1 position. 57 Nonetheless, caspase-12 has been claimed to exhibit proteolytic activity, 25 catalytically inactive caspase-12 inhibits ER stress-induced apoptosis, 27 caspase-uncleavable caspase-12 also inhibits ER stressinduced apoptosis, and mice null for caspase-12 are less susceptible to amyloid-␤ toxicity than wild-type mice. 59 In contrast to the murine system, in the great majority of humans a nonsense mutation is present in the caspase-12 gene, preventing expression of an active caspase. 60 People without such a mutation are at increased risk for sepsis, attributable to the attenuation of the immune response to endotoxins such as lipopolysaccharide. 61 
Apoptosis Induced by Unfolded, Misfolded, or Alternatively Folded Proteins
As noted above, ischemia may induce ER stress; furthermore, ischemic preconditioning induces GRP78/Bip (glucoseregulated protein 78), which inhibits apoptosis induced by ER stress. 62 In addition to the intrinsic and extrinsic pathways of apoptosis, ER stress may induce caspase activation. Misfolded proteins and other activators of endoplasmic reticulum stress trigger an alternative intrinsic pathway that leads to caspase-9 activation, apparently via caspase-12 (at least in the murine system), and includes both Apaf-1-independent and Apaf-1-dependent activation of pcd. 26, 27 Misfolded proteins elicit cellular stress responses, including an ER stress response that protects cells against the toxic accumulation of misfolded proteins. This ER stress response is activated by the exposure of hydrophobic protein regions that bind GRP78/Bip, preventing its inhibition of UPR-activating pro-teins PERK, ATF6, and Ire1. [63] [64] [65] [66] Accumulation of these proteins in excessive amounts ultimately overwhelms the cellular systems that induce folding, translational, degradative, and aggresomal protection, finally triggering cellular suicide pathways. [67] [68] [69] [70] [71] [72] Because the degradation of cellular proteins is coupled, via the proteasomal degradation pathway, to ER dislocation of proteins, 69, 70, 72 any condition that blocks the ER retrotranslocation of proteins or proteasome function may lead to the accumulation of misfolded protein substrates within the ER. Thus misfolded proteins, whether within or outside the ER, may trigger the ER stress response.
A number of mediators of pcd induced by misfolded or unfolded proteins have recently been identified. As for the classic intrinsic pathway, Bcl-2 family proteins play a critical role in the cellular suicide decision process, 73 with communication between the ER and the mitochondria. Bax/Bak double knock-out cells fail to activate caspases after ER stress, arguing that these are required mediators. 74 Bik may function to activate Bax and Bak in this pathway, 75 whereas BI-1 inhibits Bax activation and translocation to the ER. 76 Other Bcl-2 family proteins are also involved: for example, the BH3 protein Puma interacts with an hsp90 (heat shock protein of 90 kilodaltons)-independent fraction of p23, which, when cleaved by caspases, releases Puma (a BH3-only derepressor protein), leading to Bax interaction, oligomerization, and pcd. 77 Noxa and p53 have also been implicated in this pathway. 78 Part of the resulting apoptotic pathway is Apaf-1-dependent; however, part is also Apaf-1-independent yet caspase-9 -dependent. 26, 78 Caspase-7 is recruited to the ER by an unknown mechanism, where it interacts with caspase-12. Caspase-12 is cleaved and released, leading to interaction with caspase-9. 27 GRP78/Bip interacts with caspase-7 (requiring the ATP-binding domain 79 ) and -12, preventing activation, but this inhibition is reversed by (d)ATP. 28 Although the upstream activation of this pathway is not certain, one candidate is the triggering of JNK activation by IRE1, via TRAF2 and ASK1. 80 A caspase-8 -dependent pathway also mediates ER stressinduced apoptosis: Bap31, an ER membrane protein, binds Bcl-2 (or Bcl-x L ) and a caspase-8 -containing pro-apoptotic complex. 81 When Bap31 is cleaved, a pro-apoptotic p20 fragment is derived, which, among other effects, induces mitochondrial fission, enhancing cytochrome c release. 82 Conversely, BAR (bifunctional apoptosis regulator), which is expressed primarily in neurons of the CNS, also bridges Bcl-2 and caspase-8, but functions as an anti-apoptotic protein. 83, 84 Autophagic Programmed Cell Death Autophagy (Greek, "self eating")-which includes macroautophagy, microautophagy, and chaperone-mediated autophagy-is a regulated lysosomal pathway of degradation that complements the proteasomal pathway in that long-lived proteins, protein aggregates, and organelles are degraded. Targets for degradation, such as damaged mitochondria or aggregates of misfolded proteins, are encircled by an autophagosome, which then fuses with a lysosome, resulting in the degradation of the contents of the autophagosome. The molecular details of this process have been characterized best in yeast, in which a number of Atg (autophagy) genes have been identified, most with orthologs in higher eukaryotes.
Because the degradation of molecules and organelles by autophagy results in energy and amino acids for protein synthesis, it is a cellular protective pathway that, although active constitutively at low level, can be upregulated markedly by nutrient starvation. Nutrient withdrawal inactivates TOR (target of rapamycin), activating a complex of Atg proteins. 85 Although the roles of the autophagic process in protein and organellar degradation, and in cellular protection during nutrient starvation, are well accepted, the role of autophagy in programmed cell death is more controversial. [85] [86] [87] This is in part because the term "autophagic cell death" has been applied to two distinct observations: cell death associated with autophagy and cell death requiring autophagy. The vast majority of examples of autophagic cell death represent the former rather than the latter. However, increasing evidence suggests that the autophagic process is indeed required for at least some of what have been referred to as autophagic cell deaths. For example, mouse embryo fibroblasts (MEFs) that are null for both Bax and Bak, when treated with either of two frequently used apoptosis inducers-staurosporine and etoposide-undergo autophagic pcd dependent on autophagy genes Atg5 and beclin-1, and inhibited by the autophagy/class III PI3 kinase inhibitor, 3-methyladenine. 86 This autophagic pcd may, however, be a slower process than apoptosis, 88 or may somehow be triggered by an apoptosis block. Indeed, caspase inhibition by zVAD.fmk in L929 cells results in autophagy-dependent pcd, 89 which has been proposed to be mediated by the selective degradation of catalase. 90 On the one hand, this may serve as an admonishment that anti-apoptotic therapies carry the potential risk of inducing nonapoptotic pcd; on the other hand, it may argue that therapeutics directed at multiple cell death pathways will be required for optimal efficacy in diseases involving pcd.
Although much less is known about the mediators of autophagic pcd than about those of apoptotic pcd, JNK (c-Jun N-terminal kinase) has been implicated in a number of studies: for example, NMDA (N-methyl-D-aspartate) induced excitotoxic neuronal death in hippocampal slice cultures was shown to pursue an autophagic path, with selective phosphorylation of c-Jun in regions CA1, CA3, and the dentate gyrus. 91 JNK inhibition prevented the neuronal death as well as the autophagy, suggesting that the requirement for JNK may lie upstream of the activation of autophagy. However, many questions about autophagic pcd remain unanswered: if autophagy is indeed a cellular protective program that-like the UPR-at some point activates pcd, what is the signal for the "switch" to pcd initiation? How important is the role of autophagic pcd in ischemic neuronal cell death? Does autophagic pcd occur in vivo in the absence of apoptosis inhibition? Are there "executioners" analogous to caspases in autophagic pcd?
Other Cell Death Programs
In comparison to apoptosis, relatively little is known about autophagic pcd, and even less is known about other nonapo-ptotic forms of pcd. Furthermore, most of what is known is based on morphological descriptions. Mechanistic requirements within type I include two general groups: caspasedependent apoptosis (extrinsic and intrinsic, as noted above), and caspase-independent apoptosis. Types II (autophagic pcd) and III do not require caspase activation.
Type III pcd, which was subdivided by Clarke 5 into type A and B, is a "necrosis-like" form of pcd that includes swelling of ER and mitochondria, and an absence of typical apoptotic features such as apoptotic bodies and nuclear fragmentation. Recently, it was reported that the hyperactivation of the tyrosine kinase receptor insulin-like growth factor I receptor (IGFR) induces a nonapoptotic form of cell death dubbed paraptosis. 15 This form of pcd was found to require transcription and translation, to be indistinguishable morphologically from type III pcd, with swelling of the endoplasmic reticulum and mitochondria and an absence of apoptotic features. Admittedly, this morphology is observed in many cell deaths labeled necrotic, so the mechanistic implications of this particular morphological pattern remain an open question. Caspases are not activated during paraptosis, and therefore it is not surprising that neither Bcl-2 nor caspase inhibitors block this form of pcd. However, inhibitors of ERK2 (but not ERK1) were found to inhibit paraptosis, 92 as was AIP-1/Alix. In addition, antisense oligonucleotides directed against JNK1 were partially inhibitory.
Induction of pcd by hyperactivation of a trophic factor receptor-essentially "trophotoxicity"-as observed in this paraptosis paradigm, is compatible with earlier observations that some trophic factors may increase neuronal cell death, for example induced by excitotoxicity. 93 Such an effect might conceivably be protective against neoplasia, in that it may eliminate cells that would otherwise undergo autocrine loopstimulated oncogenesis. The resulting program would understandably be nonapoptotic, because trophic factor signaling inactivates apoptotic signaling.
Other forms of pcd have been described that do not fit the criteria for type I, II, or III pcd. A nonapoptotic, caspaseindependent form of cell death that does not resemble type II or type III developmental pcd has been described by Driscoll et al 94, 95 in Caenorhabditis elegans that express mutant channel proteins such as mec-4(d). A uniform, necrosis-like cell death is induced, characterized morphologically by membranous whorls lacking in other cell death types, triggered by calcium entry, mediated by specific calpains and cathepsins, and inhibited by calreticulin. Although it is possible that this alternative form of pcd will ultimately turn out to proceed via one of the previously described pathways (eg, given the cathepsin requirement, lysosomes may be involved, suggesting a relationship to autophagic pcd, perhaps as a final common pathway), the morphological characteristics suggest that it is indeed a distinct form of pcd.
A fifth apparent form of pcd has been described by the Dawsons and their colleagues, who demonstrated that a nonapoptotic form of cell death ensues after the activation of poly-(ADP-ribose) polymerase (PARP) and the consequent translocation of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus. 96 AIF is a flavoprotein that is involved with DNA fragmentation, along with endonuclease G and DNA fragmentation factor. This form of pcd was found to be activated by agents that induce DNA damage, such as hydrogen peroxide, N-methyl-D-aspartate, and N-methyl-NЈ-nitro-N-nitrosoguanidine. PARP-dependent pcd displays a morphology and biochemistry (to the extent that it is currently known) that is distinct from types I, II, and III pcd.
A form of cell death activated by ischemia has been dubbed oncosis. An extensive literature on the morphological criteria for oncosis exists, but the biochemical pathway(s) of oncosis have not yet been described. Oncosis is thought to be mediated by the failure of plasma membrane ionic pumps. One potential mediator of oncosis is a calpain-family protease (possibly a mitochondrial calpain 97 ), which suggests that oncosis may turn out to be related to, or synonymous with, the calcium-activated necrosis-like cell death described by Driscoll et al.
"Aponecrosis" is a term applied to a combination of apoptosis and necrosis. 98 Many cytotoxins induce pcd at low concentrations, but apparently necrotic cell death at higher concentrations, presumably attributable to overwhelming the cellular homeostatic processes before the completion of cell death programs. In fact, this a common pattern seen with cellular toxins, from hydrogen peroxide and other oxidants to mitochondrial toxins such as antimycin A. 98 However, the necrotic morphology associated with aponecrosis has not been proven to be nonprogrammatic, so it is still unknown whether aponecrosis represents a combination of apoptosis and a nonapoptotic form of pcd as opposed to a combination of apoptosis and nonprogrammatic cell death.
What of the biochemical pathways common to these different forms of pcd? In the intrinsic pathway of apoptosis, holocytochrome c and other pcd mediators are released from the intermembrane space of mitochondria secondary to outer membrane permeability that is induced by pro-apoptotic members of the Bcl-2 family such as Bax and Bak, in concert with BH3 proteins Bim or tBid. However, mitochondrial proteins may also be released in association with the mitochondrial membrane permeability transition (MPT). 99 Whether by consequent swelling and rupture of the mitochondrial outer membrane or by another mechanism, activation of the MPT by calcium, oxidants, or other activators offers a Bcl-2-independent (or at least partially independent: Bax may interact with components of the MPT such as the adenine nucleotide translocator 100 and the voltage-dependent anion channel 101 ), at least partially cyclophilin-D-dependent, route for the release of mitochondrially-derived pro-apoptotic factors.
Beyond these two general categories of mitochondrial pro-apoptotic factor release, novel scenarios are beginning to be defined: for example, recent work from Polster et al showed that the release of AIF (apoptosis-inducing factor 102 ) from mitochondria requires a combination of mitochondrial membrane permeabilization (eg, by tBid or by the MPT) and active calpain. This work implicated an endogenous mitochondrial calpain in AIF release. 103 These results suggest that combinatorial paths to pcd may be dissected: for example, Bcl-2 inhibitable (ie, BH1-3 mediated) versus independent (presumably related to MPT); caspase-dependent versus -independent; calpain-dependent versus -independent; AIF-dependent versus -independent; PARP-dependent versus -independent; and so on for other critical factors such as cathepsins JNK, and the autophagymediating gene products (Atg6, etc). Using such a dissection, classic apoptosis would fall predominantly into three groups: caspase-dependent and Bcl-2 inhibitable (intrinsic pathway, and extrinsic pathway with amplification via the intrinsic pathway), caspase-dependent and Bcl-2 resistant (some extrinsic pathway paradigms without amplification, and some MPT activators that lead to caspase-dependent pcd), and caspase-independent, Bcl-2 inhibitable (eg, some paradigms of endoplasmic reticulum stress 104 and intracellular pathogeninduced pcd 105 ).
In contrast, toxins that inactivate caspases directly or indirectly, such as diethylmaleate and buthionine sulfoximine, would induce pcd that is Bcl-2 inhibitable and caspaseindependent. 106 On the other hand, an increase in cytosolic calcium, such as occurs with the mec-4(d) mutants of C elegans 95 could induce MPT-which would explain the Bcl-2 (ced-9) independence-and activate calpains, which would potentially inactivate caspases, 107 compatible with the caspase independence of this form of pcd. As noted above, the cathepsin dependence suggests lysosomal involvement, and thus a potential relationship with type II pcd. Adding DNA damage to the calcium entry, such as occurs with excitotoxic damage, should trigger a similar scenario with the addition of PARP activation, with the combination of calcium-activated MPT and calpain activation explaining the AIF activation. 103, 108 All of these alternative pathways share the common feature of caspase inhibition, whether direct (eg, by zVAD.fmk or diethylmaleate) or indirect (eg, via receptor tyrosine kinase or calpain activation). For the prevention of cell death in ischemia, it is likely to be important to identify the specific molecular linchpins of each available pathway of pcd, because it is likely that blocking a single path will simply shunt the cell to an alternative route to pcd.
